Quantitative levels of indole-3-acetic acid (IAA) were determined in leaf blades of two sugarbeet cultivars by a double standard isotope dilution assay using column chromatography followed by reverse phase C18 high performance liquid chromatography and gas-liquid chromatography with nitrogen thermionic detection. The double standard method was validated as a quantitative tool by gas chromatography/selected ion monitoring mass spectrometry using 2, ', 4', 5', 6', IAA plays an important role in the growth and development of many plant organs. Avery (2), in 1935, used the Avena coleoptile curvature bioassay to show that the auxin level in Nicotiana leaves was highest in young expanding leaves and declined with increasing leaf age. In the decades following this finding, other reports have confirmed this correlation between leaf growth and development and leaf auxin levels in a number of plant species. More recently, using GC-FID' methods, Wightman (8) showed that young rapidly expanding leaves ofNicotiana had higher levels of putative IAA than older, less rapidly expanding leaves. Allen and Baker (1) using GC-MS found the same correlation between IAA levels and growth and development in Ricinis leaves. Nevertheless, relatively few studies have systematically investigated the levels of IAA in relation to leaf size and age using truly definitive methods of identification and quanti-' Abbreviations: GC-FID, gas-liquid chromatography with a flame ionization detector; GC-SIM/MS, gas-liquid chromatography and single ion monitoring mass spectrometry; TLWR, taproot leaf weight ratio.
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tation. To determine if significant correlations could be made between these parameters, we have measured the IAA levels in leaves ofBeta vulgaris L. using a double standard isotope dilution gas chromatographic assay patterned after that of Cohen and Schulze (4) . For the first part of this study progeny lines differing in both plant and leaf size were examined in order to determine whether the IAA content of their leaf blades differed. In the second phase of the study, four developmental leaf stages classified as expanding, recently mature, aging and senescing were analyzed quantitatively for IAA.
MATERIALS AND METHODS Experiment 1. Progenies were selected out of sugarbeet breeding line EL 40. Prior to undertaking this study, the parent plants had been subjected to two or three cycles of selection for a high TLWR. The plants selected in each cycle were polycrossed in isolation for seed production. Details of the genetic background have been presented (7) . The progenies used in the experiment were produced by six female parents.
The seedlings, one per 15 cm plastic pot, were grown in vermiculite. A complete mineral nutrient solution (7) was applied daily to the young plants to cause flushing and twice daily during the latter half of the experimental period to avoid nutrient and water stress. The plants were grown in a M-2 Controlled Environmental Chamber (Chagrin Falls, Ohio)2 with a photon flux density of 500 ,E m-2 s-', a photoperiod of 14 h, a temperature of 23°C, and a RH of 65 ± 2%.
Each plant was harvested at 31 d postemergence. The plants were physiologically uniform in that the seeds from which the plants came all germinated on the same day. The plants each had about the same number ofleaves and the specific leafweights of the plants were similar. The number of leaves on each plant were counted. The laminae were rapidly removed, weighed, and frozen in liquid N2. All of the laminae on a plant were taken. We have indicated when pooling of laminae from a number of plants occurred prior to the analysis of a sample. In addition, the young, expanding leaves (7-10/plant, averaging about 0.4-0.6 g/lamina) of 7 plants (ranging from 22.7-29.0 g of laminae per plant) were pooled for an analysis of IAA.
Experiment 2. The hybrid sugarbeet, cv US H-20, was used. The plants of this hybrid are quite uniform in size and mor- Analytical Procedure. The procedure used for IAA analyses followed that of Cohen and Schulze (4). The sugarbeet leaves were ground in a Waring Blendor with 70% aqueous acetone and spiked with [2-'4C]IAA (48,400 dpm, 42.2 Ci mol-' (New England Nuclear). After standing overnight at room temperature the homogenate was filtered, evaporated on a rotary evaporator to the water phase, the water phase was adjusted to pH 2.5 with 1 M H3PO4, and filtered again. The filtrate was extracted three times with chloroform, the chloroform extracts were dried over Na2SO4, the Na2SO4 was filtered off, and the chloroform evaporated on a rotary evaporator. The residue was dissolved in 2 ml of water, the pH adjusted to 6.5 with 1 N NaOH, 2 ml of isopropyl alcohol was added and the 4 ml was applied to the top of a DEAE-Sephadex column. The IAA was eluted from the column using a linear gradient of 0 to 5% acetic acid in 50% aqueous isopropranolol starting with 50 ml of 50% aqueous isopropranol in the mixing flask and 50 ml of 50% aqueous isopropranol containing 10% acetic acid in the reservoir flask. The fractions that contained the largest percentage of radioactivity were pooled, the solvent removed on a rotary evaporator and the IAA fraction was immediately reconstituted quantitatively in 150 gl of 50% aqueous methanol. Further purification of the sample was accomplished by C18 HPLC. The 150 ,ul sample was injected onto a 5Sg Beckman Altex reverse phase ODS column (4.6 mm x 25 cm) and, using a Waters HPLC, eluted with 30% aqueous methanol(1% acetic acid) at a flow rate of1 ml min-'. The radioactive fractions were pooled and prepared for GC analysis by adding [2-ring-'4C]indole-3-butyric acid (['4C]IBA), 9600 dpm sg-' (4) and converting the endogenous IAA, the[1'4C] IAA and the addedIBA to their methyl esters with diazomethane. Quantitation involved determining the areas of the IAA and IBA peaks, and also their radioactivity so that the specific activity of the recovered IAA could be determined. These analyses were performed using a Hewlett Packard 5840A GC equipped with a 2 mm x 1.83 m 3% OV-17 on Gas Chrom Q column operated at a column temperature of 190C, injection temperature of 265°C, and detector temperature of 350°C. The He flow was 30 ml min-'. After the areas of the peaks were determined, the thermionic detector was turned off, new sample aliquots injected, and the radioactive material was collected in individual 3 mm by 25 cm glass tubes over the same time period that the peak had previously eluted. Preliminary work with standards showed that about a 90% recovery of radioactivity was obtained using this method. Use of the double standard isotope dilution equations (4) allow the endogenous IAA level to be calculated directly.
In two additional determinations on young sugarbeet leaves one-half of the plant extracts were analyzed by GC-SIM/MS after addition of an internal standard 2',4',5',6',7',-d5-IAA (MSD Isotopes/Merck Frosst, Montreal, Canada) and purification of the samples as described above. GC-SIM/MS was carried out on a Hewlett Packard 5992 GC-MS using a Chrompack CP, (6) . The other half of each extract was carried through the double standard procedure for IAA. RESULTS Experiment 1. Less than a 3-fold range between replicate plants in IAA (3.9-11.4 ng g-' fresh weight) was found in the leaf blades of sugarbeet breeding line EL 40 grown in a controlled environment for 31 d postemergence (Table I) . Using the data in Table   I from large and small plants, the IAA content per g fresh weight of leaf blades is not correlated to the mean fresh weight of the leaves (correlation coefficient is -0.032). However, when just the data in Table I Two simultaneous determinations of the IAA content of young leaf blades were made using GC-SIM/MS for one half of the sample and the double standard method for the other half. Ions at m/z 135 and 194 were monitored for base peak and molecular ion, respectively, of the d5-IAA internal standard, and ions at m/ z 130 and 189, the base peak and molecular ion of the plant IAA, were also monitored. The ratio of 130:135 was used to calculate the endogenous content of IAA and the ratio 189:194 was used for conformation. The results were 22 ng g-' fresh weight using GC-SIM/MS and 23 ng g-' fresh weight with the double standard method.
The four developmental stages of leaf blades of the sugarbeet hybrid grown in the greenhouse had 39.0 ± 0.8 ,g DNA g-' fresh weight based on the fluorimetric method of assay (TableIII). Leaf blades of the hybrid grown in the field and analyzed by the diphenylamine method (5) had 23.1 gg DNA g-' fresh weight for expanding and 27.2 ug DNA g-' fresh weight for the recently mature developmental stages (Table III) . However, Baer (3) has indicated that the diphenylamine method gives a maximum of 60% of the fluorimetric method and this proportion appears to hold here. DISCUSSION Differences in IAA levels in leaves, as determined by bioassays (2) and instrumental methods (1, 8) , have been reported. As part of our studies to determine if IAA levels could be correlated with various physiological and morphological changes in plants, we needed to determine the variation between replicate plants at any one stage of development. Individual plants of sugarbeet breeding line EL 40 of the same age, which had previously been selected for high TLWR over two generations, showed that leaf size and taproot size were inherited traits (FW Snyder, GA Smith, unpublished data). Since these plants are under good genetic control, and at the same time show marked differences in plant and leaf size, they are ideal to screen for differences in the IAA content of their leaf blades. With less than a 3-fold range in IAA content, no firm conclusions can be drawn from the limited data in Table I . However, if we assume that the range in IAA content of the leaves is nonsignificant, and this can eventually be verified, then IAA levels at d 31 would not appear to elicit primary control of31d-old leaf sizes in EL 40. Since leaf size and plant size are (1) found that the IAA level in aging leaves was less than that for recently mature leaves. We found a slight increase in IAA levels in aging leaves. There was, however, a rather high variability among the replicated IAA values in these two categories.
The results reported here have been calculated on a ng g-' fresh weight basis. We feel that since ng g-' fresh weight reflects a concentration of the hormone present in the leaves that it probably also reflects most closely the concentration level of IAA that may be needed for the developmental growth of the leaves. However, the results were also converted to ng per leaf and are given in Table II . These data indicate that there is an increasing amount of IAA per leaf as the leaves expand, mature, and age, but that this amount declines dramatically as obvious signs of senescence begins.
To give a stronger basis for the interpretation of our results we have also determined the DNA content of the four categories of leaves. The DNA content should be a reasonable measure of the number of cells present (3) and the results, Table III, are that the DNA content per unit fresh weight is the same for all the leaves. Since the DNA content is the same per gram of fresh leaves, the ng g-' difference is thus an appropriate measure of both the IAA in the leaves and per cell. The differences found in the four developmental stages of sugarbeet leaves, cv US H-20, may therefore be physiologically significant.
